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Abstract: We discuss the Type-X (lepton-specific) two Higgs doublet model as a solution
of the anomaly of the muon g − 2. We consider various experimental constraints on the
parameter space such as direct searches for extra Higgs bosons at the LEP II and the
LHC Run-I, electroweak precision observables, the decay of Bs → µ+µ−, and the leptonic
decay of the tau lepton. We find that the measurement of the tau decay provides the most
important constraint, which excludes the parameter region that can explain the muon g−2
anomaly at the 1σ level. We then discuss the phenomenology of extra Higgs bosons and
the standard model-like Higgs boson (h) to probe the scenario favored by the g− 2 data at
the collider experiments. We find that the 4τ , 3τ and 4τ + W/Z signatures are expected
as the main signal of the extra Higgs bosons at the LHC. In addition, we clarify that the
value of the hττ coupling is predicted to be the standard model value times about −1.6 to
−1.0, and the branching fraction of the h → γγ mode deviates from the standard model
prediction by −30% to −15%. Furthermore, we find that the exotic decay mode, h decaying
into the Z boson and a light CP-odd scalar boson, is allowed, and its branching fraction
can be a few percent. These deviations in the property of h will be tested by the precision
measurements at future collider experiments.
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1 Introduction
The anomalous magnetic moment of the muon aµ ≡ (g−2)/2, so-called muon g−2, is a very
precisely measured observable. The latest measurement of aµ by the E821 collaboration [1]
gives
aexpµ = 11 659 208.0 (5.4)(3.3)× 10−10. (1.1)
As it has been well known that there is a discrepancy between the experimental value
and the prediction of the standard model (SM). According to the calculation evaluated in
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refs. [2, 3]
aexpµ − aSMµ = (28.7± 8.0)× 10−10, (Davier et al.)
aexpµ − aSMµ = (26.1± 8.0)× 10−10, (Hagiwara et al.)
the discrepancy is more than the 3σ level, which can be considered as an indirect evidence
of the existence of a new physics model. This discrepancy will be further probed at Fermi-
lab [4] and J-PARC [5] in the near future. Since the size of the deviation is the same order
as the electroweak contribution aEWµ = 15.4× 10−10 [6], we expect that new physics exists
at the electroweak scale if the strength of new interactions is as large as that of the weak
interaction. In such a new physics scenario, new particles are expected to be light enough
to be directly discovered at the LHC. Therefore, it is quite interesting to consider models
beyond the SM as a solution of the muon g − 2 anomaly.
Among various models which can explain the anomaly (for a review, e.g., see ref. [7]),
two Higgs doublet models (2HDMs) give simple solutions. In 2HDMs, there are extra Higgs
bosons (H, A, and H±) in addition to the SM-like Higgs boson (h), and they can give new
contributions to aµ. Usually, a softly-broken discrete Z2 symmetry is imposed [8] to avoid
flavor changing neutral current (FCNC) processes at the tree level. Under the Z2 symmetry,
four independent types of Yukawa interactions are allowed depending on the assignment of
the Z2 charge to the SM fermion [9, 10], which are called as Type-I, Type-II, Type-X (or lep-
ton specific) and Type-Y (or flipped) [11]. In all the types of Yukawa interactions, the lepton
couplings to the extra Higgs bosons can be sizable enough to explain aµ. In the Type-I and
Type-Y 2HDMs, however, the top Yukawa coupling also becomes large together with the
enhancement of the lepton couplings. This is disfavored from the view point of perturba-
tivity. Thus, the Type-II and Type-X 2HDMs are suitable to solve the muon g−2 anomaly.
The muon g−2 has been calculated in a number of papers within 2HDMs [12–22]. In the
early 2000s, this was calculated at the one-loop level in the Type-II 2HDM in ref. [12]. After
that, it was pointed out in refs. [13, 14] that the two-loop Barr-Zee type diagrams [23, 24]
give a significant contribution to aµ if a mass of A is O(10-100) GeV and if there is large Abb¯
or Aτ+τ− couplings. In ref. [19], the implication on collider signatures was discussed in the
Type-X 2HDM, namely, the h→ AA→ 4τ process can be important in the favored param-
eter region by aµ. After the discovery of the Higgs boson at the LHC [25, 26], the muon g−2
has been reanalyzed by taking into account the Higgs boson search data in addition to the
previous experimental constraints [20–22]. Furthermore, the recent observation of Br(Bs →
µ+µ−) at the LHC [27] gives a new constraint on the parameter space of 2HDMs [21].
The difference between the Type-II and Type-X 2HDMs is the quark couplings to the
extra Higgs bosons. In the Type-II 2HDM, both the lepton and down-type quark couplings
are enhanced simultaneously, and thus the model is severely constrained by flavor physics
and direct searches of the extra Higgs bosons. On the other hand, in the Type-X 2HDM,
the quark couplings to the extra Higgs bosons are suppressed when the lepton couplings
are enhanced. Thus, the constraints are weaker than those in the Type-II 2HDM. In fact,
it was clarified in refs. [20, 21] that only the Type-X 2HDM can solve the muon g − 2
anomaly with satisfying the current experimental data.1
1In addition to the muon g−2 anomaly, there are several other motivations for this model. For example,
see refs. [28, 29].
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H1 H2 u
c
R d
c
R `
c
R QL, LL ξu ξd ξ`
Type-I + − − − − + cotβ cotβ cotβ
Type-II + − − + + + cotβ − tanβ − tanβ
Type-X + − − − + + cotβ cotβ − tanβ
Type-Y + − − + − + cotβ − tanβ cotβ
Table 1. Assignment of the Z2 parity and ξf factors in eq. (2.21) in each type of the Yukawa
interactions.
Another important constraint comes from the lepton flavor physics. In the Type-X
2HDM, the constraint from the leptonic τ decay [11, 30–32] gives a severe constraint on the
parameter space favored to explain the g − 2 anomaly because of the lepton coupling en-
hancements. However, this important constraint has not been included in the previous anal-
yses. Therefore, in this paper, we calculate the leptonic τ decay and the Zττ vertex at the
one-loop level in the Type-X 2HDM in order to compare the precise experimental measure-
ments. We then investigate the favored parameter region by aµ under these constraints in
addition to those already known. Furthermore, we evaluate the running of the scalar quar-
tic couplings by renormalization group equations (RGEs), and require that the couplings do
not become too large up to a certain energy scale, for example 10 TeV. We find that extra
Higgs boson loop contributions can reduce the discrepancy in aµ to be 2σ level, but not less
than 1σ level. We then study the collider phenomenology in the favored parameter region.
This paper is organized as follows. In section 2, we define the Lagrangian of the 2HDM,
and derive the Higgs boson couplings with the gauge bosons and the fermions. In section 3,
we discuss constraints from direct searches for the extra Higgs bosons at LEP II and the
LHC Run-I, electroweak precision observables, the decay of Bs → µ+µ−, the leptonic τ
decay, and the triviality bound. In section 4, we show the favored parameter regions by the
muon g−2 anomaly. In section 5, we discuss the collider phenomenology of the extra Higgs
bosons at the LHC, the deviations in the SM-like Higgs boson h couplings, and the decay
branching fractions of h. We also discuss the exotic decay mode: h → ZA. Conclusion
is given in section 6. In appendix, we present the expressions for the decay rates of extra
Higgs bosons and those for the parton level cross sections for the production of extra Higgs
bosons at the LHC.
2 The 2HDMs
In this section, we define the Lagrangian of the 2HDM, in which the Higgs sector is com-
posed of two SU(2)L doublet scalar fields H1 and H2. To avoid the tree level FCNC, we
impose a Z2 symmetry in the Higgs sector which can be softly-broken in general. Under
the Z2 parity, four types of Yukawa interactions are defined depending on the assignment
of Z2 charge as listed in table 1.
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The most general Higgs potential with the softly-broken Z2 parity is given as
V = m211|H1|2 +m222|H2|2 − (m212H†1H2 + h.c.)
+
λ1
2
|H1|4 + λ2
2
|H2|4 + λ3|H1|2|H2|2 + λ4|H†1H2|2 +
[
λ5
2
(H†1H2)
2 + h.c.
]
. (2.1)
Throughout the paper, we consider the CP-conserving case of the Higgs sector for simplicity,
so that the imaginary parts of m212 and λ5 are assumed to be zero. The Higgs fields are
parametrized as
Hi =
 h+i
1√
2
(vi + hi − iai)
 , (i = 1, 2), (2.2)
where v1 and v2 are the VEVs of the Higgs doublets which are related to the Fermi con-
stant GF by v
2 ≡ v21 + v22 = 1/(
√
2GF ). The ratio of the two VEVs is parametrized by
tanβ = v2/v1.
The mass eigenstates of the scalar bosons are expressed by introducing the mixing
angles α and β as (
h1
h2
)
=
(
cosα − sinα
sinα cosα
)(
H
h0
)
, (2.3)
(
a1
a2
)
=
(
cosβ − sinβ
sinβ cosβ
)(
G0
A
)
, (2.4)
(
h±1
h±2
)
=
(
cosβ − sinβ
sinβ cosβ
)(
G±
H±
)
, (2.5)
where G0 and G± are the Nambu-Goldstone bosons which are absorbed by the Z and W
bosons as the longitudinal component, respectively.
The squared masses for the physical Higgs bosons are given by
m2H± = M
2 − v
2
2
(λ4 + λ5),
m2A = M
2 − v2λ5,
m2H = cos
2(α− β)M211 + sin2(α− β)M222 + sin 2(α− β)M212,
m2h = sin
2(α− β)M211 + cos2(α− β)M222 − sin 2(α− β)M212, (2.6)
where M2 = m212/(sinβ cosβ) describes the breaking scale of the Z2 symmetry, and M
2
ij
are given by
M211 = v
2(λ1 cos
4 β + λ2 sin
4 β) +
v2
2
λ345 sin
2 2β, (2.7)
M222 = M
2 + v2(λ1 + λ2 − 2λ345) sin2 β cos2 β, (2.8)
M212 =
v2
2
(λ2 sin
2 β − λ1 cos2 β + λ345 cos 2β) sin 2β, (2.9)
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where λ345 = λ3 + λ4 + λ5. The mixing angle α is also expressed in terms of M
2
ij as
tan 2(α− β) = 2M
2
12
M211 −M222
. (2.10)
All the quartic coupling constants in the Higgs potential can be rewritten in terms of the
physical parameters as
λ1v
2 = −M2 tan2 β + (m2H tan2 β +m2h)s2β−α + (m2H +m2h tan2 β)c2β−α
+ 2(m2H −m2h) tanβsβ−αcβ−α,
λ2v
2 = −M2 cot2 β + (m2H cot2 β +m2h)s2β−α + (m2H +m2h cot2 β)c2β−α
− 2(m2H −m2h) cotβsβ−αcβ−α,
λ3v
2 = 2m2H± −M2 + (m2h −m2H)[s2β−α − c2β−α − (tanβ − cotβ)sβ−αcβ−α],
λ4v
2 = M2 +m2A − 2m2H± ,
λ5v
2 = M2 −m2A, (2.11)
where sβ−α = sin(β − α) and cβ−α = cos(β − α).
A size of some combinations of λ’s in the Higgs potential is constrained by taking into
account perturbative unitarity [33–37] and vacuum stability [38–41]. Through eq. (2.11),
such a constraint can be translated into a bound on the physical parameters; e.g., the
masses of the scalar bosons. First, the condition for vacuum stability; i.e., the requirement
for bounded from below in any direction of the Higgs potential with large scalar fields, is
given by [38–41]
λ1 > 0, λ2 > 0,
√
λ1λ2 + λ3 + MIN(0, λ4 + λ5, λ4 − λ5) > 0. (2.12)
Second, the perturbative unitarity bound is obtained by requiring that all the eigenvalues
of the s-wave amplitude matrix a0i,± for the elastic scatterings of two body boson states
are satisfied as
|a0i,±| ≤
1
2
. (2.13)
All the independent eigenvalues a0i,± were derived in refs. [35–37] as
a01,± =
1
32pi
[
3(λ1 + λ2)±
√
9(λ1 − λ2)2 + 4(2λ3 + λ4)2
]
, (2.14)
a02,± =
1
32pi
[
(λ1 + λ2)±
√
(λ1 − λ2)2 + 4λ24
]
, (2.15)
a03,± =
1
32pi
[
(λ1 + λ2)±
√
(λ1 − λ2)2 + 4λ25
]
, (2.16)
a04,± =
1
16pi
(λ3 + 2λ4 ± 3λ5), (2.17)
a05,± =
1
16pi
(λ3 ± λ4), (2.18)
a06,± =
1
16pi
(λ3 ± λ5). (2.19)
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µ
A0, H0, H±
µ, νµ µ µ, νµ
γ, Z,W±H0, A0, H±
f
Figure 1. One-loop (left) and two-loop Barr-Zee (right) diagrams which give corrections to the
muon g − 2.
The Yukawa interaction terms are given by
LYukawa = −yuH˜Tu QLucR − ydH†dQLdcR − y`H†`LLecR + h.c., (2.20)
where H˜u = iτ
2Hu. In eq. (2.20), Hu, Hd and H` are either H1 or H2 depending on the
type of Yukawa interaction. In the mass eigenstates of the scalar bosons, the interaction
terms are expressed as
LYukawa = −
∑
f=u,d,`
mf
v
(
ξhf hf¯f + ξ
H
f Hf¯f − 2iT 3f ξf Af¯γ5f
)
+
[√
2VudH
+u¯
(
muξu
v
PL − mdξd
v
PR
)
d−
√
2m`ξ`
v
H+ν¯PR`+ h.c.
]
, (2.21)
where T 3f = +1/2 (−1/2) for f = u (d, `), and Vff ′ is the Cabibbo-Kobayashi-Maskawa
matrix element. The ξhf and ξ
H
f factors are defined by
ξhf = sβ−α + ξfcβ−α, ξ
H
f = cβ−α − ξfsβ−α. (2.22)
The ξf factors in eqs. (2.21) and (2.22) are given in table 1.
From the kinetic terms of the scalar fields, the ratios of the coupling constant among
the CP-even scalars and gauge bosons are extracted as
ghV V
ghV V,SM
= sβ−α,
gHV V
ghV V,SM
= cβ−α. (V = W,Z) (2.23)
As it is seen in eqs. (2.21), (2.22) and (2.23), in the limit of sin(β − a)→ 1, both hff¯ and
hV V couplings become the same as those in the SM, so that we can call this limit as the
SM-like limit.
3 Constraints on the Type-X 2HDM
In the 2HDMs, the one-loop diagrams and the two-loop Barr-Zee type diagrams shown
in figure 1 give dominant contributions to the muon g − 2. It has been known that the
Barr-Zee type diagrams give a sizable positive contribution to aµ in the case of a large
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A`+`− coupling and a small mA as pointed it out in refs. [13, 14]. In the Type-X 2HDMs,
a large A`+`− can be realized by taking tan β  1 since ξ` = − tanβ as shown in table 1.
Typically, when tan β & 40 and mA = O(10-100) GeV, the muon g − 2 anomaly can be
explained in the Type-X 2HDM [20]. In this section, we focus on the Type-X 2HDM
with the large tan β and small mA scenario to explain the g − 2 anomaly, and we discuss
important experimental constraints in this situation.
3.1 Direct searches for the extra Higgs bosons
There has been no signal of the extra Higgs bosons at any collider experiments. This
gives lower limits on the masses of the extra Higgs bosons depending on the magnitude
of couplings with SM particles. We first summarize the current bounds from the LEP II
experiment, and we also review those from the LHC Run-I.
3.1.1 LEP II
There are constraints on the masses of the extra Higgs bosons from the direct production
at the LEP II experiment with the maximal collision energy to be about 200 GeV. From
the H± pair production process e+e− → γ∗/Z∗ → H+H− the lower bound was obtained
by mH± > 93.5 GeV at 95 % C.L. [42] under the assumption of Br(H
+ → τ+ντ ) = 1 which
is realized by tan β & 2, sin(β − α) ' 1 in the Type-X 2HDM.
From the pair production of the neutral Higgs bosons e+e− → Z∗ → AH, the lower
bound for the sum of mA and mH is given to be about 190-195 GeV for mA > 40 GeV [43]
under the assumption of Br(H → τ+τ−) = Br(A → τ+τ−) = 1 which is realized by
tanβ & 3 and sin(β − α) ' 1 in the Type-X 2HDM.
The searches for A and H from the bremsstrahlung process e+e− → ττA/H have also
been performed for the range of mA/H < 50 GeV. This process gives an upper bound on
tanβ for a fixed value of mA/H . For example, tan β > 128.1 (120.1) and tan β > 44.8 (40.0)
are respectively excluded at 95% C.L. for mA (mH) to be 30 GeV and 15 GeV [44] with the
case of Br(A → ττ)=Br(H → ττ)=1. We note that the branching fractions for the extra
Higgs bosons into a fermion pair can be reduced when there is a non-zero mass splitting
among them. For example, H± → AW (∗) and H → AZ(∗) open in the case of mH± > mA
and mH > mA, respectively. There also happen the inverse processes like A → H±W∓(∗)
and A→ HZ(∗) as long as they are kinematically allowed. In such decay modes associated
with a gauge boson, the bounds on masses on the extra Higgs bosons can be weaker than
those given in the above.
3.1.2 LHC run-I
At the LHC, extra Higgs boson searches have been performed in various channels. In
the most of channels, an enhancement of the Yukawa couplings of the extra Higgs bosons
becomes important to obtain a bound on their masses or coupling constants. However,
in the Type-X 2HDM, the couplings of the neutral extra Higgs bosons to the quarks are
suppressed by cot β. Thus, the processes such as gg → A/H → ττ and gg → bb¯A/bb¯H →
bb¯ττ do not set a limit on the masses in a large tan β case.
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Similar to the neutral Higgs boson productions, the cross section of the H± production
such as gb→ H±t is also suppressed by cot2 β in the Type-X 2HDM. If mH±+mb < mt, the
top decay t→ H±b can be used to constrain mH± . From the process pp→ tt¯→ bb¯H±W∓
with H± → τ±ν, the upper limit on BR(t → H±b)×BR(H± → τ±ν) has been driven to
be between 0.23% and 1.3% at 95% C.L. for mH± in the range of 80 GeV to 160 GeV [45].
This gives the bounds, for example, tan β . 6 and 15 for mH± = 100 and 150 GeV at 95%
C.L. in the Type-X 2HDM using 0.23% of the product of the branching fractions.
Apart from the production processes via Yukawa couplings, one must take care of the
h → AA decay in the case of mA < mh/2. In the Type-X 2HDM, this typically gives the
four τ final state, because the A→ ττ decay can be the main decay mode as explained in
section 3.1.1. In ref. [46, 47], the upper bound on Br(h→ AA→ 4τ) is given to be about
0.2 for mA > 30 GeV and 0.2-0.5 for 15 < mA < 30 GeV. In the 2HDMs, the branching
fraction is determined by the dimensionless hAA coupling λhAA defined as the coefficient
of the hAA vertex in the Lagrangian; i.e., L = vλhAA hAA+ · · · which is given by
λhAA =
1
2v2
[
(2M2 − 2m2A −m2h)sβ−α + (M2 −m2h)(cot β − tanβ)cβ−α
]
. (3.1)
The partial decay width of h→ AA is then expressed by
Γh→AA =
λ2hAAv
2
8pimh
√
1− 4m
2
A
m2h
' ΓSM ×
(
λhAA
0.015
)2√
1− 4m
2
A
m2h
, (3.2)
where ΓSM = 4.41 MeV is the total decay width of the SM Higgs boson for mh =
125 GeV [48]. Therefore, to satisfy Br(h→ AA)< 0.2, λhAA . 6.7× 10−3 is required. We
can simply take λhAA = 0 by setting an appropriate value of β − α from eq. (3.1) as
tan(β − α) = M
2 −m2h
2M2 − 2m2A −m2h
(tanβ − cotβ). (3.3)
In the case of tan β  1, m2h/m2H±  1 and m2A/m2H±  1, we obtain
sin(β − α) ' 1− 2
tan2 β
(
1 +
m2h
m2
H±
− 2m
2
A
m2
H±
)
, (3.4)
cos(β − α) ' 2
tanβ
(
1 +
m2h
2m2
H±
− m
2
A
m2
H±
)
. (3.5)
From the above expressions, we find that the SM-like behavior of h is realized by taking
tanβ  1, because of sin(β − α) ' 1.
3.2 Electroweak precision observables
The extra Higgs bosons can modify the electroweak precision observables from the SM
prediction via the loop effects. Such an effect can be used as an indirect search for the
extra Higgs bosons and also used to constrain parameter space in the 2HDM. In this
subsection, we discuss the constraints from the oblique parameters and the Z boson decay.
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3.2.1 Oblique parameters
The electroweak oblique S, T and U parameters are introduced by Peskin and Takeuchi [49]
which parametrize new physics effects on the gauge boson two point functions. These
parameters are calculated in 2HDMs in refs. [50–56]. In the SM-like limit sin(β − α)→ 1,
these parameters are given to be the same formulae as those given in the inert doublet
model [57]. For the case of mA  mZ  mH± ' mH , the contribution from the additional
scalar bosons is given by
∆S ' − 5
72pi
' 0.022, (3.6)
∆T ' mH(mH± −mH)
32pi2αemv2
' 0.013×
( mH
200 GeV
)
×
(
mH± −mH
10 GeV
)
. (3.7)
We also find that ∆U is the same order as ∆S in our setup for large ∆T regime. If we
take mH = mH± and sin(β − α) = 1, the Higgs potential respects the custodial SU(2)V
symmetry [52, 54], which makes ∆T = 0. The S and T parameters driven by the Gfitter
group [58] are
∆S = 0.05± 0.11, ∆T = 0.09± 0.13, (3.8)
with the reference values of mh = 125 GeV and mt = 173 GeV. The prediction of ∆S
parameter is inside the 1σ error of the measured value, and the T parameter constrains on
the mass splitting |mH −mH± | = O(10) GeV. Hence we take mH = mH± to avoid the
constraint on the oblique parameters in the following analysis.
3.2.2 Z boson decay
The property of the Z boson such as the mass, the total width, and the decay branching
ratios were precisely measured at the LEP experiment. If new physics particles modify such
a precisely measured quantity, their masses and/or couplings are severely constrained.
In our scenario, the Zτ+τ− vertex can be significantly deviated from the SM prediction
by loop effects of the extra Higgs bosons, because they strongly interact with charged
leptons in the large tan β case. In order to discuss how the modified vertex affects the
observables, we define the effective Zff¯ vertex as
L = gZ f¯γµ(vˆf − aˆfγ5)fZµ, (3.9)
where gZ = g/ cos θW and θW being the weak mixing angle. Although there are several
definitions for sin2 θW , we here use the on-shell definition [59] of it which is determined by
using W and Z boson masses, i.e., sin2 θW = 1 −m2W /m2Z . The effective vector coupling
vˆf and axial vector coupling aˆf can be separately written by the contributions from the
tree level and from the one-loop level as
vˆf = vf + v
loop
f , aˆf = af + a
loop
f , (3.10)
where the tree level contributions are expressed as
vf =
1
2
T 3f − sin2 θWQf , af =
1
2
T 3f , (3.11)
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with Qf being the electric charge of f . The loop contributions v
loop
f and a
loop
f are composed
of the counter term and the one particle irreducible (1PI) Zff¯ vertex correction diagram:
vloopf = δvf + v
1PI
f , a
loop
f = δaf + a
1PI
f . (3.12)
After imposing the on-shell renormalization conditions, the counter term contribution is
expressed by [60]
δvf = −afΠ1PIff,A(m2f )− vf
[
Π1PIff,V (m
2
f )− 2m2f
d
dp2
[Π1PIff,V (p
2) + Π1PIff,S(p
2)]p2=m2f
]
, (3.13)
δaf = −af
[
Π1PIff,V (m
2
f ) + 2m
2
f
d
dp2
[Π1PIff,V (p
2) + Π1PIff,S(p
2)]p2=m2f
]
− vfΠ1PIff,A(m2f ), (3.14)
where Π1PIff,X are the 1PI diagram contributions to the fermion two point functions defined as
Π1PIff (p
2) = p/Π1PIff,V (p
2)− p/γ5Π1PIff,A(p2) +mfΠ1PIff,S(p2). (3.15)
In the SM-like limit sin(β −α) = 1, the deviation in vloopτ and aloopτ purely comes from the
extra Higgs boson loop diagrams. In this case for f = τ , we obtain
∆vloopτ = v
loop
τ − vloopτ (SM) (3.16)
' 1
16pi2
(mτ
v
ξ`
)2 [
vτF1(mH) + vτF1(mA)− 2aτF1(mH±) + (vτ + aτ )F2(mH± ,mH±)
]
,
∆aloop` = a
loop
τ − aloopτ (SM)
' − 1
16pi2
(mτ
v
ξ`
)2 [
aτF1(mH) + aτF1(mA)− 2aτF1(mH±)
+ (vτ + aτ )F2(mH± ,mH±)− 4aτF2(mH ,mA)
]
, (3.17)
where the loop functions are given as
F1(m) = ln
m2
m2Z
+
5
4
− ipi + 1
2
∫ 1
0
dxdy
m2Zxy(2y − 1) +m2(2 + y − yx)
m2Zx(1− y)−m2(1− x)
, (3.18)
F2(m1,m2) =
1
4
(
ln
m22
m21
+ 1
)
−
∫ 1
0
dxdy
y2
2
m22 − x[m21 −m2Z(1− 2y)]
m22(1− y) + xy[m21 −m2Z(1− y)]
. (3.19)
In the above expressions, we neglect the mass of the tau lepton in the loop functions. We
note that the F2(m1,m2) function is invariant under the interchange of m1 ↔ m2, so that
∆vloopτ and ∆a
loop
τ does not change the value under mH ↔ mA.
Let us apply the modified Zτ+τ− vertex to the leptonic partial decay width of the Z
boson Z → ``:
Γ(Z → ``) = g2Z
mZ
12pi
(vˆ2` + aˆ
2
` ). (3.20)
We define the ratio of the partial width of Z → ττ to that of Z → ee as
Rτ/e ≡ Γ(Z → ττ)/Γ(Z → ee). (3.21)
The deviation in the ratio from the SM predictions are then given by
∆Rτ/e ≡ Rτ/e −RSMτ/e '
1
Γ(Z → ``)SM
g2Z
6pi
mZ
[
v`Re∆v
loop
` + a`Re∆a
loop
`
]
. (3.22)
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The SM prediction is given by
Γ(Z → ``)SM = 83.995± 0.010 MeV. (3.23)
The measured values of the leptonic decay width and Rτ/e are given by [64]
Γ(Z → ``)exp = 83.984± 0.086 MeV, Rexpτ/e = 1.0019± 0.0032. (3.24)
We find that tan β > 50 (70) is excluded for mA = 10 (50) GeV when mH = mH± =
300 GeV. The bound becomes weaker for the larger mH± . We will combine the constraint
from the Z → `` decay with the muon g − 2 result in section 4.
3.3 Flavor experiments
Effects of the extra Higgs bosons can appear in various observables measured at flavor
experiments. Therefore, similar to the electroweak precision measurements, flavor mea-
surements can be used to constrain the parameter space in the 2HDM. In this subsection,
we discuss Bs → µ+µ− and the leptonic decay of τ .
3.3.1 Bs → µ+µ−
It was pointed out in ref. [61] that the branching fraction of the Bs → `` process in
the Type-II 2HDM is enhanced by the factor tan4 β which comes from the box type and
the penguin type diagrams with extra Higgs boson mediation. The origin of the tan4 β
dependence is that both the charged lepton and down-type quark couplings to the extra
Higgs bosons are proportional to tan β in the Type-II 2HDM. On the other hand, in the
Type-X 2HDM, the lepton couplings are enhanced by tan β, while the quark couplings
are suppressed by cot β. Thus, the tan4 β dependence does not appear in the branching
fraction of Bs → ``, and the additional leading contribution is almost independent on tan β
for large tan β. Although the deviation from the SM becomes mild as compared to the
case of Type-II, we check Br(Bs → µ+µ−) because the light CP-odd Higgs boson A could
give a sizable contribution, which is required to explain muon g − 2 anomaly.
For the calculation of Bs → µ+µ− in the 2HDM, we use the formulae given in ref. [62].
The observed branching fraction at the LHC is Br(Bs → µ+µ−) = (2.9± 0.7)× 10−9 [27].
We show the constraint from Bs → µ+µ− on the parameter space of 2HDM in section 4.
3.3.2 Leptonic τ decay at the tree level
In the SM, the leptonic τ decay is caused by the W boson exchange diagram at tree level.
In the 2HDM, the H± mediated diagram also contributes to the leptonic τ decay. The
effect of H± contribution on the partial decay width of τ was calculated in refs. [11, 31],
and that on the Michel parameters, which is defined just below, in ref. [32].
The differential decay rate of τ → µνµντ is given in terms of the Michel parameters
(ρ, η, δ and ξ) and Gˆµτ defined in eqs. (3.28) and (3.29) as [63]
d2Γ
dxd cos θ
=
mµω
4
2pi3
Gˆ2µτ
√
x2 − x20
(
F (x)− ξ
3
Pτ cos θ
√
x2 − x20A(x)
)
, (3.25)
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Figure 2. The ratio of the decay rate (upper left and upper right) and the Michel parameters η
(lower left) and ξ (lower right) as a function of z in the leptonic tau decay. In each panel, outside
regions from the dotted lines are excluded at the 95 % C.L.
where ω ≡ (m2τ + m2µ)/2mτ , x ≡ Eµ/ω and x0 ≡ mµ/ω with Eµ being the muon energy.
Pτ is the polarization of the tau, and θ is the angle between the polarization and the
momentum direction of the muon. The functions F (x) and A(x) are defined as
F (x) = x(1− x) + 2
9
ρ(4x2 − 3x− x20) + ηx0(1− x), (3.26)
A(x) = 1− x+ 2
3
δ(4x− 4 +
√
1− x20). (3.27)
By using z ≡ mµmτ tan2 β/m2H+ , we find2
Gˆµτ = GF
(
1 +
z2
4
)1/2
, (3.28)
ρ =
3
4
, η = − 2z
4 + z2
, δ =
3
4
, ξ =
4− z2
4 + z2
. (3.29)
We see that ρ and δ are equal to the SM values at the tree level. The observed Michel
parameters of the τ decay are η = 0.013 ± 0.020 and ξ = 0.985 ± 0.030 [64]. The ratio of
the decay rate in the 2HDM to that in the SM prediction is given as [11, 31](
Gµτ
GF
)2
≡ Γ(τ → µνν)2HDM
Γ(τ → µνν)SM = 1− 2z
mµ
mτ
g(m2µ/m
2
τ )
f(m2µ/m
2
τ )
+
z2
4
, (3.30)
2We find these expressions are inconsistent with ref. [32].
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Figure 3. The leading one-loop diagrams for the leptonic tau decay process.
where the phase functions f(x) and g(x) are given by f(x) = 1−8x−12x2 log x+ 8x3−x4
and g(x) = 1 + 9x − 9x2 − x3 + 6x(1 + x) log x. To find a constraint on eq. (3.30), we
can use the constraint on the flavor universality. In the similar manner to eq. (3.30), we
introduce Geµ and Geτ . Since me,mµ  mτ , the corresponding terms to the rightest term
in eq. (3.30) for Geµ and Geτ are 1, and thus Geµ = Geτ = GF in 2HDM. There are
constraints on the lepton universality given by HFAG group [65]3
Gµτ
Geµ
= 1.0029± 0.0015, Gµτ
Geτ
= 1.0018± 0.0014, (3.31)
and their correlation coefficient is 0.48. Since Geµ = Geτ = GF in the present scenario, by
combining the above two values, we find
Gµτ
GF
= 1.0023± 0.0012, (3.32)
and thus we find (
Gµτ
GF
)2
= 1.0046± 0.0025. (3.33)
We use this bound and eq. (3.30) to make constraint on 2HDM.
In figure 2, we show the z dependence of the ratio of the decay rate given in eq. (3.30)
(upper two panels) and the Michel parameters η (lower left) and ξ (lower right). First,
from the upper panels we can see that the allowed ranges of z are found to be z . 0.003
and 0.50 . z . 0.57. Second, from the lower left panel, z & 0.05 is excluded by the
measurement of η. The constraints from the ξ parameter is weaker than that from η.
Therefore, by combining the first and the second statements, the allowed region of z is
restricted to be z . 0.003 By using z ' 1.88× 10−3 × (tanβ/30)2 × (300 GeV/mH±)2, we
find that tan β & 38 is excluded for mH± = 300 GeV.
3.3.3 Lepton universality at the one-loop level
As we discussed in section 3.3.2, the typical size of the H± contribution to the ratio of the
tau decay is O(10−2) at the tree level as it is seen in figure 2. However, the SM prediction
is given at almost the lower edge of the experimental bound (see eq. (3.33)), so that the
negative contribution to Gµτ/GF of order 10
−4 is constrained. Thus, we focus on the
quantum corrections to the process via W exchange diagram.
3The ratio of the effective Fermi constant Gµτ/Geτ , Gµτ/Geµ and Geτ/Geµ are corresponds to gµ/ge,
gτ/ge and gτ/gµ in ref. [65], respectively.
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Figure 4. Constraints on the (mA, tanβ)-plane by the leptonic tau decay at the one-loop level for
mH± =300 (upper left), 200 (upper right), 150 (lower left), and 100 GeV (lower right) in the case
with mH = mH± . The green, yellow, and red regions are excluded at 90%, 95%, and 99% C.L.,
respectively.
The dominant contribution arises from the diagrams with picking up two tau Yukawa
couplings which are proportional to (m2τ/v
2) tan2 β. We show the diagrams which give the
dominant contributions to the process at the one-loop level in figure 3. Other diagrams,
such as box diagrams, are smaller than these contributions and we ignore them in this
analysis. The quantum correction is flavor dependent, and there is no flavor dependent
counter terms in this model, so the correction is finite. We find the contributions from
figure 3 modifies the W -τ -ντ couplings
gWτν → gWτν (1 + δg) , (3.34)
where
δg =
1
(4pi)2
m2τ
v2
tan2 β
[
1 +
m2H± +m
2
A
4(m2
H± −m2A)
ln
m2A
m2
H±
+
m2H± +m
2
H
4(m2
H± −m2H)
ln
m2H
m2
H±
]
. (3.35)
In mA  mH± ∼ mH0 case
δg =
1
(4pi)2
m2τ
v2
tan2 β
[
1
2
+
1
4
ln
m2A
m2
H±
+O
(
m2A
m2
H±
ln
m2A
m2
H±
)]
. (3.36)
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Finally, we find
Γ =
1
96pi3
mτω
4G2F
[√
1− x20
(
2(4(1 + δg)2 + z2)− 8x0z(1 + δg)
− 5x20(4(1 + δg)2 + z2)− 16x30z(1 + δg)
)
+ 3x30
(
8z(1 + δg) + x0(4(1 + δg)
2 + z2)
)
ln
1 +
√
1− x20
x0
]
, (3.37)
where ω and x0 are defined in section 3.3.2. Using eqs. (3.30), (3.33) and (3.37), we find
that the large tan β region and light charged Higgs region are disfavored, see figure 4. This
constraint is the most severe for the explanation of the muon g− 2 anomaly, as we will see
in section 4
3.4 Triviality bound
In order to avoid the constraints from the various observables, we need to take large mass
differences between A and H±, and A and H. As a result, the Higgs quartic couplings are
as large as O(1). Such a large coupling can be grown up in a certain energy scale, and it
becomes too strong to rely on the perturbative calculation. We thus take into account the
triviality bound in which we require that all the Higgs quartic couplings do not exceed a
certain value until a given energy scale.
We calculate the β-functions up to the two loop level for the RGE by using SARAH [66],
and run the couplings to higher energies. We treat the coupling values at the tree level as
the input parameters at µ = mt. We define λmax = max{|λ1|, |λ2|, |λ3|, |λ4|, |λ5|} and the
cutoff scale of the model, Λ, as λmax(Λ) = 4pi or
√
4pi.
The result for Λ = 10 TeV with requiring λmax < 4pi is shown in the left panel in
figure 5. We find that mH± . 370 GeV for mA ' 20 GeV is required for Λ 10 TeV. This
constraint on mH± is stronger than the one from the perturbative unitarity bound using
eqs. (2.13)–(2.19), i.e., mH± . 700 GeV. We check that this result is consistent with that
given in [67, 68]. If we require λmax <
√
4pi instead of λmax < 4pi, then the bound becomes
stronger. In such a case, we find mH± ' 260 GeV is required. Here we take tan β = 30 at
µ = mt as the input value, but the result is insensitive for tan β. We also plot the case for
Λ = 100 TeV in the right panel in figure 5. The bound is stronger than Λ = 10 TeV case.
We find mH± . 310 GeV (240 GeV) for λmax = 4pi (
√
4pi). Our parameter choice here is
the same as in section 4.
4 Muon g − 2
We show the numerical results for the muon g − 2 under all the constraints discussed in
the previous section. We calculate the muon g − 2 by using 2HDMC 1.6.4 [69, 70] which
contains the one-loop diagrams [12] and the two-loop Barr-Zee diagrams [13] as shown in
figure 1. In the Type-X 2HDM, the contributions from the one-loop diagrams and the
Barr-Zee diagrams are comparable and have opposite sign. Thus, we have to take into
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Figure 5. The triviality bound with Λ = 10 TeV (left) and Λ = 100 TeV (right). The numbers
shown in the panel are λmax = 4pi and
√
4pi.
account both contributions. The contributions from the beyond the SM part should be
sizable to solve the muon g − 2 anomaly, and thus at least one of the new particles has to
be light. The lower mass bound on H± is order of 100 GeV, so that it can not be arbitrary
small. The effect from H gives a destructive contribution to the SM one, so that it makes
the situation becomes even worse if H is light. On the other hand, the effect from A gives
the constructive contribution, and it makes the discrepancy small. Therefore, A is required
to be lighter than H and H± in order to solve the muon g − 2 anomaly.
The Higgs sector in the 2HDM has eight parameters. Two of them are fixed to repro-
duce the SM parameters, i.e., GF = 2
−1/2v−2 = 1.166379×10−5 GeV−2 andmh = 125 GeV.
To suppress Br(h → AA), we set λhAA = 0. In addition, we take mH = mH± to avoid a
large contribution to ∆T . Furthermore, we fix λ1 = 0.1. This λ1 value is realized by taking
M2 ' m2H in the large tan β case, and the fixing the value of λ1 is not significant to the result
in the following. Therefore, we have three remaining parameters which can be expressed as
tanβ, mA and mH± . We note that in this parametrization, sin(β−α) is given as the output
parameter, which is determined via eq. (3.1). As it is seen in eq. (3.4), 1−sin(β−α) is sup-
pressed by 1/ tan2 β in the large tan β case, so that h behaves as the SM-like Higgs boson.
In figure 6, we show the prediction of aµ on the mA-tanβ plane in each fixed value of
mH± , e.g., mH± = 200 (upper-left), 250 (upper-right), 300 (lower-left) and 350 GeV (lower
right). In the dark and light shaded regions, aµ can be explained at the 1σ and 2σ levels, re-
spectively. We find that the measurement of τ → µνµντ gives the stringent constraint on the
parameter space in the mA-tanβ plane. This constraint is getting stronger in the cases of
smaller mH± or mA and larger tan β. For example, in the case of mH± = 200 GeV, tan β &
35 is excluded at the 95% C.L. in the case of mA = 20 GeV. For mA ' 10 GeV, Br(Bs →
µ+µ−) gives additional excluded regions which are not excluded by the measurement of
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Figure 6. Results in the Type-X 2HDM in the case of λhAA = 0 and λ1 = 0.1. Dark and light blue
shaded regions can explain the muon g−2 anomaly [3] at the 1σ and 2σ levels, respectively. We take
mH±(= mH) =200, 250, 300 and 350 GeV in the upper-left, upper-right, lower-left and lower-right
panels, respectively. The left region from the red line is excluded by the measurement of Bs → µµ.
The above regions of green, black, purple line are excluded by the τ decay, the direct search at the
LEP and the Z → ττ decay, respectively. All of the exclusions are given at the 95% C.L.
the tau decay. The tan β dependence in Br(Bs → µ+µ−) is negligible as we expected in
the discussion in section 3.3.1. In most of the parameter region shown in this figure, the
deviation of Br(Bs → µ+µ−) from the SM value is O(1) %. The constrained from Z → ττ
is weaker than that from the tau decay in all the parameter regions shown in this figure.
Consequently, the parameter region which can explain the g − 2 anomaly at the 1σ
level is excluded by the measurement of the tau decay at the 95% C.L., and at best we can
explain the anomaly at the 2σ level. The typical parameters to explain muon g−2 anomaly
at the 2σ level is 10 . mA . 30 GeV, 200 . mH± . 350 GeV and 30 . tanβ . 50. In this
parameter space, however, the region with mH± . 270 GeV has tension with the signal
strength for the h→ ττ mode measured at the LHC as we will see in the next section.
5 Impact on the Higgs phenomenology at collider experiments
In the previous section, we have seen that the relatively light extra Higgs bosons and large
tanβ are favored to explain the muon g − 2 anomaly. Such a light particle can be directly
discovered at the LHC Run-II and the International Linear Collider (ILC). Furthermore, the
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precise measurement of the property of the SM-like Higgs boson h will give an indirect probe
of this scenario. In this section, we first discuss the decay and production of the extra Higgs
bosons at the LHC, and then we investigate how the property of the SM-like Higgs boson
is modified in the favored parameter set indicated by the muon g−2 in the Type-X 2HDM.
Throughout this section, we consider the case of
200 GeV ≤ mH± ≤ 400 GeV, mH = M = mH± , 10 GeV ≤ mA ≤ 30 GeV,
30 ≤ tanβ ≤ 50, tan(β − α) = M
2 −m2h
2M2 − 2m2A −m2h
(tanβ − cotβ). (5.1)
In addition, the following values of the SM parameters are used [64, 71]:
mZ = 91.1876 GeV, mW = 80.385 GeV, GF = 1.1663787× 10−5 GeV−2,
mt = 173.07 GeV, mb = 3.0 GeV, mc = 0.677 GeV, mτ = 1.77684 GeV. (5.2)
mc and mb are evaluated at the mZ scale in MS scheme, which are taken from ref. [71].
Other parameters are taken from ref. [64]. The mass observed Higgs boson is taken to be
125 GeV.
5.1 Phenomenology of the extra Higgs bosons
First, we discuss the branching fraction of the extra Higgs bosons in the parameter set
given in eq. (5.1). For the CP-odd Higgs boson A, only the A→ ττ and A→ bb¯ modes are
allowed at the tree level. Since the decay rate of the former (latter) channel is enhanced
(suppressed) by tan2 β (cot2 β) in the Type-X 2HDM, the branching fraction of A → ττ
becomes almost 100% in our scenario. Similar enhancement happens in the decay rates of
H → ττ and H± → τ±ν. At the same time, the other modes H → AZ and H± → AW±
are also important because of the large mass difference between H/H± and A. Therefore,
the following decay modes should be taken into account:
H± → τ±ν, H± → AW±, H → ττ, H → AZ, A→ ττ. (5.3)
The formulae for the decay rates are given in appendix A. We here note that the H → AA
and H → hh decays also open whose decay rates are determined by the trilinear HAA and
Hhh couplings, respectively. However, these couplings are proportional to cos(β−α), and
its magnitude is suppressed by cot β in the large tan β case. Thus, these decay modes are
not important in our scenario.
In figure 7, we show the contour plots for the branching fractions of H → AZ (left
panel) and H+ → AW+ on the mH±-tanβ plane. The H → ττ and H+ → τ+ν modes
fulfill almost the remaining branching ratios for H and H±, respectively. In the large mH±
and small tan β region, the branching fractions of H → AZ and H+ → AW+ are getting
larger. For example, we obtain Br(H → AZ) > 70 (90)% in the case of tan β . 35 with
mH = 200 GeV (tan β . 33 with mH = 300 GeV), and Br(H+ → AW+) > 70 (90)% in
the case of tan β . 38 with mH = 200 GeV (tan β . 35 with mH± = 300 GeV).
Next, we discuss the production process of the extra Higgs bosons at the LHC. As we
mentioned in section 3.1.2, the production processes via the Yukawa interaction cannot be
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Figure 7. Contour plots for the branching fractions of H → AZ (left panel) and H+ → AW+ (right
panel) on the mH± -tanβ plane. We take mH = mH± and mA = 20 GeV. Br(H → AZ)+Br(H →
ττ) ' 1 and Br(H+ → AW+)+Br(H+ → τ+ν) ' 1 are satisfied.
used in the large tan β case in the Type-X 2HDM. Therefore, the following electroweak
processes give the dominant production mode:
pp→ Z∗/γ∗ → H+H−, pp→ Z∗ → HA,
pp→W ∗ → H±H, pp→W ∗ → H±A. (5.4)
The analytic expressions for the parton level cross section are given in appendix B. We find
that the cross sections are determined by the masses of the extra Higgs bosons and sin(β−
α), and they do not depend on the type of Yukawa interactions. By using CalcHEP [72]
with CTEQ6L [73] parton distribution functions, the cross sections are calculated in table 2.
In this calculation, we neglect the small deviation in sin(β−α) from unity. Because of the
small mA, the cross sections of pp→ H±A and pp→ HA are relatively large as compared
to those of pp→ H+H− and pp→ H±H. We note that the cross section for H+H/H+A
is about twice larger than that for H−H/H−A, because the parton luminosity of ud¯ in the
initial proton is larger than that of u¯d.
Combining the discussions of the decay and the production of the extra Higgs bosons,
we can consider the following processes:
pp→ H±A/H±H → τ±ντ+τ−, pp→ H±A/H±H → 4τ +W±,
pp→ HA→ 4τ, pp→ HA→ 4τ + Z. (5.5)
The H+H− production may not be so useful for the feasibility study of the extra Higgs
bosons as compared to the above processes because of the small cross section as seen in
table 2. The cross sections of 4τ (σ4τ ), 3τ (σ3τ ), 4τ plus W (σ4τW ) and 4τ plus Z (σ2τZ)
can be estimated as follows:
σ4τ ' σHA × Br(H → ττ), (5.6)
σ3τ ' (σH+A + σH−A)× Br(H± → τ±ν)
+ (σH+H + σH−H)× Br(H± → τ±ν)× Br(H → ττ), (5.7)
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mH± [GeV] σH+H− σH+H σH−H σH+A σH−A σAH σ4τ σ3τ σ4τW σ4τZ
200 18.6 22.0 11.3 116 67.0 101 29.3 50.1 143 70.7
250 8.0 9.7 4.7 53.5 29.5 45.1 7.2 12.8 72.5 37.4
300 3.9 4.8 2.3 28.2 14.9 23.2 2.3 4.3 39.4 20.6
350 2.1 2.6 1.1 16.2 8.2 13.0 0.9 1.7 22.9 12.0
Table 2. Cross sections of the electroweak production processes expressed in eq. (5.4), and those
of the multi-tau processes expressed in eqs. (5.6)–(5.9) at
√
s = 14 TeV in the unit of fb. We take
mA = 20 GeV, mH = mH± , sin(β − α) = 1 and tan β = 35.
σ4τW ' (σH+A + σH−A)× Br(H± → AW±)
+ (σH+H + σH−H)× Br(H± → AW±)× Br(H → ττ), (5.8)
σ4τZ ' σHA × Br(H → AZ), (5.9)
where we used Br(A → ττ) ' 100%. The cross sections of the above processes are also
shown in table 2 in the case of tan β = 35.
The signal and background for the four and three tau final states (without a gauge
boson) were studied in ref. [74, 75] in the Type-X 2HDM. It was clarified that the main
background for these processes can be significantly reduced by requiring the high multi-
plicity of charged leptons and tau-jets with appropriate kinematical cuts in the final state.
In this paper, we only show the signal cross sections of the above mentioned processes as
given in table 2. Although the detailed background simulation must be necessary to clarify
the feasibility to detect the signal events, such a study is beyond the scope of this paper.
5.2 Phenomenology of the SM-like Higgs boson
Another important impact on the Higgs phenomenology in our scenario is found in the
property of the SM-like Higgs boson h. Because the properties of h; e.g., the width,
the branching fractions, and the couplings will be precisely measured at future collider
experiments such as the LHC Run-II, the high luminosity LHC, and the ILC [76], it must
be quite important to study the deviation in the property of h from the SM prediction.
In particular, studying the pattern of the deviation in the various h couplings can be a
powerful tool to determine the structure of the Higgs sector.4
As we discussed in section 2, the value of sin(β − α) describes “SM-like ness” of h,
namely, all the h couplings to the SM particles become the same as those in the SM
prediction in the limit of sin(β − α) → 1. In other words, once sin(β − α) 6= 1 is given,
both the hV V and hff¯ couplings deviate from those of the SM values. In our scenario,
the value of sin(β − α) is determined from eq. (5.1). Thus, a small but non-zero deviation
from the SM-like limit is given.
4In ref. [77], the pattern of the deviation was investigated in various extended Higgs sectors; e.g., models
with isospin singlets, doublets and triplets at the tree level. For example, it was shown that the four types
of Yukawa interactions in the 2HDM can be well discriminated by measuring the correlation between the
deviation in hdd¯ and h`` couplings [77]. In addition, it was clarified in ref. [78, 79] that even if we take into
account the one-loop corrections to the hff¯ couplings, discrimination of the 2HDMs is still valid.
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Figure 8. Contour plots for ∆κV (upper left) and ∆κq (upper right) on the mH± -tanβ plane,
where ∆κX = κX−1. The mH± dependence of ∆κ` is shown in the lower panel with tan β = 35. We
take mH = M = mH± and mA = 20 GeV in all the panels. The horizontal dashed line represents
the bound from the signal strength using eq. (5.14).
In order to describe the deviation in the h couplings, we introduce the so-called scaling
factors defined as κX = ghXX/g
SM
hXX and its deviation from unity; i.e, ∆κX = κX−1. From
eqs. (2.22) and (2.23) and the approximate formulae given in eqs. (3.4) and (3.5), we obtain
∆κV ' −
2
tan2 β
(
1 +
m2h
m2
H±
− 2m
2
A
m2
H±
)
, (5.10)
∆κq ' −
2
tan2 β
(
m2h
2m2
H±
− m
2
A
m2
H±
)
, (5.11)
κ` ' −1−
m2h
m2
H±
+
2m2A
m2
H±
. (5.12)
In the upper panels of figure 8, we show the contour plots for ∆κV and ∆κq, where
∆κX = κX−1, on the mH±-tanβ plane. In the lower panel, we show the mH± dependence
of κ` instead of showing contour plots, because the tan β dependence of κ` can be neglected
as seen in eq. (5.12). For definiteness, we take tan β = 35 in the plot for mH±-κ`. We
find that the deviations in the hV V and hqq¯ couplings are respectively −O(0.1)% and
−O(0.01)% which can also be estimated from eqs. (5.10), (5.11). For the h`` coupling, we
find that its magnitude is maximally about 1.6 times larger than the SM prediction, and
its sign is opposite to the SM one [21]. From the measurement of the signal strength of the
h → ττ channel, i.e., µττ at the LHC, the magnitude of κ` is constrained. The definition
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of the signal strength is given as
µXY ≡
σh × Br(h→ XY )
[σh × Br(h→ XY )]SM , (5.13)
where σh and Br(h → XY ) are respectively the production cross section of the SM-like
Higgs boson h and the decay branching fraction of the h → XY mode. In our parameter
set, σh is almost the same as that in the SM, because of the small ∆κq and ∆κV , so that
the signal strength is simply given as the ratio of the branching fraction as µXY ' Br(h→
XY )/Br(h→ XY )SM.
The ATLAS and CMS collaborations report the signal strength as µττ = 1.43
+0.43
−0.37 [80]
and µττ = 0.91±0.28 [81], respectively. By taking a naive combination of them,5 we obtain
µττ = 1.08± 0.23. (5.14)
Thus, the region with |κ`| > 1.27 is excluded at 2σ level, which corresponds to the constraint
of mH± . 270 GeV as seen in figure 8.
The deviation in the h couplings makes a difference in the branching fraction of h from
the SM prediction. In figure 9, we show the branching fraction of h as a function of mH± .
Because only the magnitude of the h`` coupling can be larger than the SM prediction, only
the branching fraction of the h→ ττ mode is enhanced. On the other hand, that of all the
other modes shown in this figure are reduced. The size of deviations becomes smaller as
mH± increases. We note that the branching fraction of the h→ µµ decay is also enhanced
similar to the h → ττ mode. When mH± = 300 GeV, and all the other parameters are
taken to be the same as in figure 9, Br(h → µµ) is about 3.4 (2.5) × 10−4 in the Type-X
2HDM (SM).
It is important to mention here that there appears the exotic decay mode h → AZ
in our parameter set as seen in figure 9. Although the coupling constant of the hZA
interaction is proportional to cos(β − α) which is suppressed by cot β as seen in eq. (3.5),
its branching fraction is not so small, especially for the case with small mA. For example,
we obtain Br(h → AZ) ' 7% with mA = 10 GeV and mH± = 200 GeV. This new decay
mode of h gives the additional contribution to the four-lepton channel in the SM Higgs
boson search if A decays into a pair of muon. In the present scenario, Br(A → µµ) '
Br(A → ττ) × (mµ/mτ )2 ' 0.0036 is obtained. On the other hand, from Higgs boson
searches at the LHC, the upper bound on Br(h → ZA) × Br(A → ``) with ` = e or µ is
given as 5-10×10−4 for 12 < mA < 34 GeV [46, 47]. This limit is translated into the bound
Br(h→ AZ) . 14-28% in the Type-X 2HDM. The typical size of Br(h→ AZ) is below the
upper bound as explained in the above. In addition to this channel, e and µ are produced
from the leptonic decay of τ . Thus, the ZA→ ``ττ → 4`+ET/ channel can also contribute
to the four lepton channel even though the invariant mass distribution of the four lepton
system is different from that by ZZ∗ → 4`. This will be a subject of a future work.
Next, we discuss the one-loop induced h → γγ decay mode. Because of the H±
contribution, the decay rate can be significantly modified even if the h couplings are not
5To obtain the naive combination, we treat the signal strength from ATLAS as 1.43 ± 0.40 by taking
the average of errors.
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Figure 9. The branching fraction of h as a function of mH± in the case of mH = M = mH± and
tanβ = 35. The top, middle and bottom panels show the cases with mA = 10, 20 and 30 GeV,
respectively. The solid (dotted) curves shows the prediction in the Type-X 2HDM (SM).
– 23 –
J
H
E
P
0
7
(
2
0
1
5
)
0
6
4
200 220 240 260 280 300 320 340 360
m
H+
 [GeV]
0.7
0.75
0.8
0.85
0.9
B
r(
h
  
  
 γ
γ)
/B
r(
h
  
  
 γ
γ)
S
M
↑
↑
10 GeV
20 GeV
mA
 = 30 G
eV
2σ bound from  µ
γγ
at the LHC
Figure 10. Ratio of the branching fraction Br(h → γγ)/Br(h → γγ)SM in our scenario with
tanβ = 35. The solid, dashed and dotted curves show the cases with mA=10, 20 and 30 GeV,
respectively. The horizontal dashed line shows the bound from µγγ given in eq. (5.21) at 2σ level.
changed so much from the SM prediction. We note that the deviation in the h`` coupling
can be neglected in the decay rate of the h → γγ mode, because its effect appears in the
tau loop contribution, but the tau Yukawa coupling is too small as compared to the top
Yukawa coupling. The decay rate of the diphoton mode is given as
Γ(h→ γγ) = GFα
2
emm
3
h
128
√
2pi3
∣∣∣∣∣∣sβ−αA1(τW ) +
∑
f
ξhfA
f
1/2(τf ) +
λ3v
2
2m2
H±
A0(τH±)
∣∣∣∣∣∣
2
,
with τX =
m2h
4m2X
, (5.15)
where the A1, A
f
1/2 and A0 terms correspond to the W boson, fermion and H
± loop
contributions, respectively. Each of the loop functions are given by
A1(τ) = −τ−2[2τ2 + 3τ + 3(2τ − 1)f(τ)], (5.16)
Af1/2(τ) = 2N
f
c Q
2
fτ
−2[τ + (τ − 1)f(τ)], (5.17)
A0(τ) = −τ−2[τ − f(τ)], (5.18)
– 24 –
J
H
E
P
0
7
(
2
0
1
5
)
0
6
4
where f(τ) is defined as
f(τ) =

arcsin2
√
τ . (τ ≤ 1)
−1
4
(
log
1 +
√
1− τ−1
1−√1− τ−1 − ipi
)2
. (τ > 1)
(5.19)
We note that in the SM-like limit, which gives a good approximation for the numerical study
in our scenario, we obtain the numerical value of the SM W and top loop contributions;
i.e., A1(τW ) +A
t
1/2(τt) ' −6.45.
We here discuss the impact of the H± loop contribution to the h → γγ decay. In
our scenario, since the light CP-odd Higgs boson is required to explain the muon g − 2
anomaly, the relatively large mass difference between A and H± is needed to avoid the
current experimental constraints, which is generated by the Higgs quartic couplings. This
can be clearly seen by rewriting the λ3 coupling appearing in eq. (5.15) as follows
λ3v
2 = 2(m2H± −m2A) + λhAAv2, (5.20)
where the second term is now zero according to our benchmark scenario shown in eq. (5.1).
In addition, the loop function A0 is expanded as A0(x) = 1/3+8x/45+O(x2) under x 1
or equivalently mH±  mh. Thus, even if H± is relatively heavy, its contribution is not de-
coupled as we can see the asymptotic behavior λ3v
2/(2m2H±)A0(τH±)→ 1/3 (mH± →∞).
The ATLAS and CMS collaborations report the signal strength as µγγ = 1.17±0.27 [82]
and and µγγ = 1.12 ± 0.24 [81], respectively. By taking naive combination of them, we
obtain
µγγ = 1.14± 0.18. (5.21)
In figure 10, we show the ratio of the branching fraction of the h → γγ mode as a
function of mH± with tan β = 35. We find that the deviation in the branching fraction from
the SM prediction is obtained in the range of −30% to−15%. The expected accuracy for the
measurement of the decay rate of the diphoton mode is around −10% at the LHC 14 TeV
300 fb−1 and 5% at the ILC [83]. Therefore, our scenario is also probed by detecting the
deviation in the h→ γγ decay rate in addition to the extra Higgs boson searches discussed
in section 5.1 and the measurement of κ`. By looking at the horizontal line representing
the bound from µγγ , we see that mH± . 220 GeV is excluded in the case of mA = 20 GeV,
which weaker than the constraint of κ`.
6 Conclusion
In this paper, we have explored the possibility to explain the muon g − 2 anomaly in the
Type-X 2HDM. We have shown in figure 6 that the measurement of the leptonic tau decay
gives an important constraint on the parameter space. As a result, the region which can
explain the discrepancy in the muon g − 2 at the 1σ level is excluded by the constraint
from the tau decay, and that at the 2σ level is allowed. We have found that the parameter
space with 10 . mA . 30 GeV, 200 . mH,H± . 350 GeV and 30 . tanβ . 50 is favored
by the explanation of the anomaly at the 2σ level.
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After finding the viable parameter region for the muon g − 2, we have discussed the
implication of the favored parameter region to the collider phenomenology. In our scenario,
the 4τ , 3τ , 4τ +Z and 4τ +W signatures are expected from the electroweak productions of
the extra Higgs bosons at the LHC. The cross sections of these signals are shown in table 2.
Finally, we have investigated the possible deviation in the property of the SM-like
Higgs boson h. We have found that the value of the h`` coupling is predicted to be the
SM prediction times about −1.6 to −1.0, and the current data of the signal strength µττ
at the LHC excludes mH± . 270 GeV in the case of mH± = mH and mA = 20 GeV. We
also have evaluated the branching fraction of the h → γγ mode which is modified by the
non-decoupling charged Higgs boson loop effect. We have shown that the deviation in the
branching fraction of the h→ γγ mode is about −30% to −15% which can be detected at
the future collider experiments such as the high-luminosity LHC and the ILC. Therefore,
the precise measurements of the branching fractions of h→ γγ and h→ ττ gives an impor-
tant indirect test to probe our scenario. Furthermore, we have found that the branching
fraction of h → ZA becomes a few percent, and it also would provide another important
signature to test our scenario. Therefore, in the Type-X 2HDM motivated by the explana-
tion of the muon g− 2 anomaly, there are various characteristic deviations in the 125 GeV
Higgs boson property, which will be tested at collider experiments in the near future.
Acknowledgments
We used Feynmf [84] to draw the Feynman diagrams. The work is supported by Grant-
in-Aid for Scientific research from the Ministry of Education, Culture, Sports, Science and
Technology (MEXT), Japan, No. 23104006 [TA], JSPS Research Fellowships for Young
Scientists [RS] and JSPS Postdoctoral Fellowships for Research Abroad [KY].
A Decay rates for the extra Higgs bosons
The decay rates of the extra Higgs bosons into the fermion pair are calculated at the tree
level as
Γ(H± → ff¯ ′) =
√
2GF
m3H±
8pi
Nfc |Vff ′ |2λ1/2(xfH± , xf ′H±) (A.1)
×
[
(xfH±ξ
2
f + xf ′H±ξ
2
f ′)(1− xfH± − xf ′H±) + 4xfH±xf ′H±ξfξf ′
]
,
Γ(H → ff¯) =
√
2GF
mHm
2
f
8pi
(ξHf )
2Nfc λ
3/2
(
xfH , xfH
)
, (A.2)
Γ(A→ ff¯) =
√
2GF
mAm
2
f
8pi
ξ2fN
f
c λ
1/2
(
xfA, xfA
)
, (A.3)
where xab = m
2
a/m
2
b , N
f
c is the color factor, and the two body phase space function λ(x, y)
is given by
λ(x, y) = 1 + x2 + y2 − 2x− 2y − 2xy. (A.4)
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We note that the above formulae are applied to all the types of Yukawa interactions. The
decay rates into the gauge boson associated modes are calculated at the tree level as
Γ(H → AZ) = s2β−α
√
2GF
16pi
m3Hλ
3/2 (xZH , xAH) , (A.5)
Γ(H± → AW±) =
√
2GF
16pi
m3H±λ
3/2 (xWH± , xAH±) . (A.6)
B Electroweak production of a pair of Higgs bosons
Spin and color-averaged parton level cross sections are given as [85]6
σˆ(sˆ;ud¯→ H+A) = G
2
Fm
4
W
72pi
s2β−α
sˆ
(
sˆ
sˆ−m2W
)2
λ3/2
(
m2H±
sˆ
,
m2A
sˆ
)
, (B.1)
σˆ(sˆ;ud¯→ H+H) = G
2
Fm
4
W
72pi
s2β−α
sˆ
(
sˆ
sˆ−m2W
)2
λ3/2
(
m2H±
sˆ
,
m2H
sˆ
)
, (B.2)
σˆ(sˆ; qq¯ → HA) = G
2
Fm
4
Z
18pi
(v2q + a
2
q)
s2β−α
sˆ
(
sˆ
sˆ−m2Z
)2
λ3/2
(
m2H
sˆ
,
m2A
sˆ
)
, (B.3)
σˆ(sˆ; qq¯ → H+H−) = piα
2
em
9sˆ
[(
Qq − vqvH
s2W c
2
W
sˆ
sˆ−m2Z
)2
+
a2qv
2
H
s4W c
4
W
(
sˆ
sˆ−m2Z
)2]
× λ3/2
(
m2H±
sˆ
,
m2H±
sˆ
)
, (B.4)
where vH = −1/2 + s2W , and vq and aq are defined in eq. (3.11). Production cross section
at the hadron collider is calculated as
σ(pp→ AB) = 2
∫ 1
0
dτ
∑
q1,q¯2
dLq1q¯2
dτ
σˆ(q1q¯2 → AB; sˆ = τs). (B.5)
where L is the parton luminosity which is defined as
dLq1q¯2
dτ
=
∫ 1
τ
dx
x
q1(x)q¯2(τ/x). (B.6)
We note that the parton level cross sections of u¯d → H−A and u¯d → H−H processes
are the same as those given in eqs. (B.1) and (B.2), respectively. However, because of
the difference of parton luminosity of the initial proton, the cross section of H+H/A and
H−H/A are different in the stage after the convolution of the luminosity function shown
in eqs. (B.5) and (B.6).
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6See also references there in.
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